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a  b  s  t  r  a  c  t
A  dietary  intervention  study  was  conducted  to analyse  the  effects  of  compound  feeds  based  on crops  pro-
duced  in  two  consecutive  growing  seasons  under  four  agronomic  regimes  that  differed  in  crop  protection
(organic  versus  conventional)  and  fertilization  (organic  versus  conventional)  practices,  on the  growth,
body  chemical  composition,  haematological  parameters,  plasma  antioxidant  capacity,  hormonal  balance
and immune  status  of male  Wistar  rats. The  nutritional  composition  of  the  compound  feeds  complied
with  the  nutritional  recommendations  for rats.  In  the ﬁrst  season  only  one  generation  of  rats  (F1)  was
examined  whereas  in  the  second  season  two rat  generations  (F1  and  F2)  were  studied.  The  agronomic
variables  affected  markedly  the  nutritional  composition  of  feeds  and  there  were  statistically  signiﬁcant
differences  in physiological  parameters  between  dietary  groups  of rats. There  were  however  statisticallynimal health
ormones
mmunity
at
signiﬁcant  differences  in  feed  composition  and  in  the  physiological  response  of the  rats  between  the  two
seasons.  There  were  also differences  in  physiological  response  between  the F1 and  F2 generation  of  rats
in the  second  season,  although  these  animals  were  fed the same  compound  feeds.  More  detailed  studies
are required  to quantify  the  effect  of agronomic  factors  on  the  composition  of crops  and  the  physiology
of  rats  fed  on  compound  feeds  prepared  from  these  crops.
© 2011 Royal Netherlands Society for Agricultural Sciences. Published by Elsevier B.V.. Introduction
Agronomic practices including fertilization and crop protection
egimes are known to affect the nutritional composition (e.g. myco-
oxin, heavy metal, mineral, vitamin and antioxidant levels) of crop
lants and this in turn can affect the health and welfare of animals
onsuming crops [1].  Recent studies have shown that consumer
emand for foods from organic production systems is based on con-
umer perceptions that organic foods are more nutritious, better
asting, environmentally friendlier, healthier and safer than those
roduced conventionally [2].Organic and certain ‘low input’ production protocols have been
hown to result in signiﬁcant differences in mineral content and in
ess pesticide and growth regulator residues of crop plants when
ompared with conventional production systems [3–7]. Moreover,
 range of studies have indicated higher contents of nutritionally
∗ Corresponding author. Tel.: +48 22 5541025; fax: +48 22 5541203.
E-mail addresses: kss@biol.uw.edu.pl, kss.uw@wp.pl (K. Skwarlo-Sonta).
573-5214/$ – see front matter ©  2011 Royal Netherlands Society for Agricultural Scienc
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desirable substances, such as essential amino acids [8],  vitamin C
[9–11] and some secondary metabolites [12,13] in organic crops.
Also higher total antioxidant capacity and bioactivity of organic
versus conventional crops have been reported in some studies
[14,15]. Secondary plant metabolites, like polyphenols, found in
higher contents in organically produced crops, exhibit strong anti-
oxidant, anti-carcinogenic, anti-inﬂammatory, anti-allergenic and
anti-arteriosclerotic properties [16–18]. However, to our knowl-
edge there are only a few studies demonstrating physiological
effects or health impacts associated with the consumption of
organic cereals, fruit or vegetables.
Some studies have linked occupational exposure to pesticides to
an increased incidence of certain diseases, including cancer, neuro-
logical and reproductive disorders [19–22].  Several animal studies
have also shown toxic effects of pesticides used in conventional
farming [23,24].
A range of studies have shown that milk and dairy products
from organic production systems had higher levels of nutritionally
desirable fatty acids and antioxidants, and consumption of organic
milk was  recently linked to a reduced incidence of eczema in
infants [25].
es. Published by Elsevier B.V. All rights reserved.
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Moreover, it is difﬁcult to predict the combined impact of
educed dietary exposure to pesticides and increased intake of
esirable compounds like polyphenols that may  result from organic
ood consumption [26].
Some in vitro studies indicated better repair of bacterial DNA
nd decreased cancer cell proliferation on the medium con-
aining organic versus conventional plant materials [10,27]. But
ata from appropriately controlled studies on animal models are
imited. Some of them focus on immunity [1,28] or reproduc-
ive efﬁciency [29,30], other ones try to identify health-related
iomarkers affected by plant feeds produced under different agro-
omic regimes [31]. Most of these studies conﬁrmed beneﬁcial
mpact of organic feeds on development rate and reproductive abil-
ties of rats, mice, rabbits and chickens [29–35].  According to a
ecent study performed in the Netherlands [1],  chickens fed on
n organic diet had a lower body weight, a higher immune reac-
ivity and signiﬁcantly better catch-up growth after an antigenic
hallenge.
Some information from human cohort studies is also available.
or example, Alfven et al. [36] found that children consuming
rganic food as part of their anthroposophic lifestyle, had less
llergy complaints in comparison to the group that consumed con-
entionally produced foods. However, although anthroposophical
ifestyle parameters could be clearly linked to lower allergy inci-
ence, the link to organic food consumption could not be made. In
 recent Dutch study, the consumption of organic dairy products
as linked to a lower eczema risk in infants [37], and to a higher
onjugated linoleic acid (CLA) level in breast milk of mothers [38].
here is also scientiﬁc evidence that dietary exposure of children
o organophosphorus pesticides, which have been linked to neuro-
ogical disorders, is much lower on organic than on conventional
iets [39,40].
There are currently no studies available that have compared
he effect of speciﬁc production system components (e.g. fertil-
ty management and crop protection regimes) on animal/human
hysiology.
However, due to the multiple composition differences reported
etween foods from contrasting production systems it is likely that
ifferences in physiological responses that are measured in future
ietary intervention studies will be extremely difﬁcult to explain.
This paper summarizes the results from a 2-year study carried
ut within the QLIF project, comparing the effects of crops produced
n agricultural systems with contrasting combinations of fertiliza-
ion and crop protection regimes on physiological, hormonal and
mmune system parameters in laboratory rats.
. Experimental approach
.1. Crop production regimes
The crops for the production of compound rat feeds were grown
s part of the Nafferton Factorial Systems Comparison (NFSC) trial
stablished as a long-term ﬁeld experiment at the University of
ewcastle’s Nafferton Experimental Farm, Northumberland, UK.
he experiment consists of 4 replicate blocks.
Four crops (wheat/barley, potato, carrot and onion) were pro-
uced under four different production systems: (1) organic, (2)
ow input 1 (combining the crop protection regime used for the
rganic system with the inorganic fertilizer-based fertilization
egime used in the conventional system), (3) low input 2 (com-
ining the pesticide-based crop protection regime used for the
onventional system with the manure–compost based fertilization
egime used in the organic system), and (4) conventional.
The production systems differed in fertilization management
FM) and crop protection (CP) regimes. Fertilization was basedurnal of Life Sciences 58 (2011) 89– 96
either on inorganic NPK fertilizer input regimes recommended
under conventional farming standards (UK farm assured standards;
inorganic fertilization) or on fertilization regimes recommended
by organic farming standards (Soil Association, organic fertiliza-
tion) where no inorganic fertilizers are being applied to wheat
(which followed grass clover leys in the rotation) or composted
manure being applied prior to planting potato, onion and carrot.
Crop protection regimes were based either on herbicide, pesti-
cide, fungicide and growth regulator treatments recommended
under conventional farming standards (UK farm assured standards;
conventional crop protection) or on crop protection treatments
permitted under organic farming standards (Soil Association), and
including mechanical weeding of all plots and hand weeding in car-
rot and onion, netting of carrot for insect control, and Cu-fungicide
sprays in potato for potato blight control [41].
The crops from the treatment plots were harvested separately
and transported to the Warsaw University of Life Sciences (Poland)
where they were used for preparing the compound feeds for the
rat feeding experiments, resulting in 16 (4 production systems × 4
replicate blocks) individual feeds.
2.2. Compound feeds
The compound feeds were produced by a specialized feed
production plant (A. Morawski, Kcynia, Poland) and processing
involved crop drying, combining the different crops from the same
treatment and block, and mixing the dried crops with feed sup-
plements (plant fat, milk powder, minerals and vitamins) required
to produce compound feeds matching the dietary requirements of
laboratory rats.
Nutritional analyses of the experimental feeds were performed
using standard laboratory analytical methods. Compound feeds
were analysed for dry matter content, ash, raw ﬁbre, proteins, total
fat, carbohydrate, ﬂavonols, total polyphenols, -carotene, lutein
and antioxidant activity [42,43].
2.3. Animal dietary experiment
The feeding studies were carried out using male Wistar rats kept
under conditions of controlled light (L:D 12:12) and temperature
(22–23 ◦C), with free access to the feeds and fresh water. Parental
male and female rats were randomly assigned to each of the 16
dietary groups and were fed on the experimental diets for 3 weeks.
Pregnant females were fed on their respective feeds until deliv-
ery, followed by 3 weeks with their suckling pups. Pups were then
weaned and male pups maintained on the same compound feeds
as their mothers for another 9 weeks. Experiments were carried
out with only one generation of rats in ﬁrst year of the experiment
(2006) and two generations in the second year (2007). Each rat
generation comprised 96 animals from 16 feeding groups (6 rats
per group). The total feeding period on experimental diets for each
generation was  12 weeks, including the 3 weeks of suckling.
2.4. Data collection
In the experiments the initial body weight (mass of 4.5 ± 1-
week old rats, just after weaning), growth dynamics and ﬁnal body
weight of rats fed experimental diets were measured by weigh-
ing the rats weekly. On the basis of initial and ﬁnal body weight
total weight gain was  calculated [45]. Food intake was  measured
daily. On the basis of the results of feed composition analyses
(see above), total feed intake and rat body weight, the intake of
speciﬁc feed compounds was  calculated. After 12 weeks on exper-
imental diets, the rats were anesthetized and blood was collected
for analysis of the haematological parameters, such as red and
white blood cell number, packed cell volume, and haemoglobin
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ontent. Blood plasma was prepared and used for determining
ormone (insulin, leptin, corticosterone (Cs), growth hormone
GH), insulin-like growth factor 1 (GHF-1), and testosterone (Ts)),
mmunoglobulin (IgA, IgG, IgM), and C-reactive protein content,
nd antioxidant capacity. Spleens were used for preparing in vitro
ymphocyte cultures (spontaneous and mitogen-stimulated).
All procedures complied with the Polish regulations for animal
xperimentation and were approved by the Ethical Commission in
arsaw [44]. Carcasses were used for body composition analyses
dry matter, ash, protein, and fat) [45].
.5. Data processing
Data were analysed statistically using 3-factor ANOVA with crop
rotection (CP), fertility management (FM), and year (YR) or rat
eneration (RG) as main factors and replicate blocks as random
ariables. All analyses were performed using ‘R’ statistical software.
ultivariate analysis was also carried out, with feed components
nd initial body weight of rats as drivers and physiological mea-
urements as response variables.
. Results and discussion
.1. Feed composition
There was a statistically signiﬁcant difference in nutritional
omposition between the compound feeds produced in the two
ears (data not shown). This was probably due to the different
rops used. In the ﬁrst year wheat was used as the cereal com-
onent, whereas in the second year barley was used as in that year
o wheat was grown in the NFSC trial. Additional differences in the
utritional composition of the crops may  have resulted from very
ontrasting weather conditions in the two growing seasons.
Both crop protection and fertilization practices had weaker
ffect on compound feed composition, than the year in which
he crops were produced. However, some signiﬁcant composi-
ion differences were consistent in both years; most importantly,
olyphenol and lutein contents were higher in feeds based on crops
rown under organic crop protection and fertilization regimes,
hile protein content was higher in feeds based on conventionally
ertilized crops. For other parameters, signiﬁcant differences were
nly found within individual years (e.g., ﬁbre, ﬂavonols, lipids) [43].
Differences in carbohydrate, protein and nutritionally rele-
ant secondary metabolite levels between crops produced under
rganic and conventional production conditions have previously
een reported [8,46–50]. However, factorial studies separating the
ffect of contrasting fertilization and crop protection regimes have
o our knowledge not previously been reported.
The different cereals used in the compound feeds are likely to
ave contributed to differences in ﬁbre content, since wheat (used
n 2006) is known to be lower in ﬁbre (cellulose, hemicellulose,
-glucans) than barley (used in 2007) [51]. However, in 2007 a
igniﬁcant effect of crop protection on the level of ﬁbre was also
etected, with higher levels found in compound feeds based on
rops produced under an organic protection regime [44].
Polyphenols were the compound group for which the high-
st levels of difference were detected between treatments. They
epresent a large class of secondary plant metabolites that have
een linked to anti-oxidative properties. Moreover, there are a
arge number of studies describing neuroprotective, cardioprotec-
ive and chemopreventive activities of polyphenols [52]. Results
btained are consistent with previous studies reporting higher
evels of total polyphenols in organically compared with con-
entionally produced crops [50,53].  However, organic fertilization
egimes appear to have a greater impact on polyphenol content
signiﬁcant differences detected in both years) than organic cropurnal of Life Sciences 58 (2011) 89– 96 91
protection regimes (signiﬁcant differences only detected in one
year) [43]. This contradicts a previous report by Young et al. [54]
who concluded that higher levels of pest attack in organic systems
stimulates polyphenol production in leafy vegetables. Since N levels
in the organically produced crops tend to be lower (L. Lueck et al.,
unpublished), results presented are more consistent with the car-
bon:nitrogen balance theory [55]. According to this theory, plants
produce relatively more compounds with a low C:N ratio (like pro-
teins or alkaloids) if nitrogen is easily available, and compounds
with a high C:N ratio (like starch, cellulose and phenolic com-
pounds) if N availability is a growth-limiting factor. An important
group of polyphenols are ﬂavonols, increased intake of which has
been linked to reduced incidence of heart disease, cancer, gastroin-
testinal, neurological and liver diseases, atherosclerosis, obesity
and allergies [56–59].
Also ﬂavonol content was  higher under organic fertilization and
crop protection regimes, but this was  only signiﬁcant in one of
the two years, thus conﬁrming previous studies by Caris-Veynard
et al. [60] and Rembiałkowska et al. [61], who found higher ﬂavonol
levels in the organically produced crops.
Some previous studies indicated higher levels of -carotene
in organic carrots (the only crop expected to contribute high
-carotene to the compound feeds) [62], whereas other studies
reported higher levels in conventionally produced carrots [63].
However, different to lutein (for which increased levels were found
in crops with organic crop protection) no effect of fertilization or
crop protection on -carotene levels was found in our study [43],
thus conﬁrming results by Hallmann et al. [64].
Overall, the analytical comparison of rat feed showed signiﬁcant
differences in composition between years (caused by crop choice
and weather as well as fertilization and crop protection regimes.
However, it is important to note that only selected groups of
nutritionally relevant compounds were analysed in the rat feed, and
that there may  have been signiﬁcant differences for other bioactive
compounds that were not analysed [56]. Also the nutritional anal-
yses carried out were not detailed enough to allow interactions
between bioactive compounds to be considered.
3.2. Intake of feed and selected nutrients
As expected, the feed composition differences between years
and the agronomic treatments affected the calculated intake of
speciﬁc nutritionally relevant compounds (like polyphenols and
carotenoids) in the feeding experiments [43,45]. It is important
to point out that the calculated intakes are unlikely to reﬂect real
uptake rates and bioavailability. For example, the intestinal absorp-
tion of compounds such as carotenoids is known to be poor [65]
and the bioavailability of polyphenols is considered to be lim-
ited (2–20%) because of their low solubility, low absorption and
rapid metabolism [66,67].  Also, the bioavailability of nutrients is
affected by other components in the diet; for example, carotenoid
bioavailability decreases with increasing dietary ﬁbre intake [68]
and increases in the presence of fat [69,70].  High dietary ﬁbre
has also been shown to decrease protein utilization and digestibil-
ity [71]. As a result, it is difﬁcult to establish a clear mechanistic
understanding from correlations between dietary intake data and
physiological responses measured in rats.
3.3. Effects on rat physiology
3.3.1. Growth
The body weight of young rats after the suckling period was
expected to be affected by experimental diets, via their mothers.
However, the observed differences in initial body weight between
dietary groups were found to be dependent mainly on the exact
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Table 1
Results of analysis 1. Effects of main factors and interactions on the hormones insulin, leptin, growth hormone (GH), insulin-like growth factor 1 (IGF-1), corticosterone (Cs),
and  testosterone (Ts) in rats.
Insulin (ng ml−1) Leptin (ng ml−1) GH (ng ml−1) IGF-1 (g ml−1) Cs (ng ml−1) Ts (ng ml−1)
Main factorsa
YR (1/2) 2 > 1*** ,c 2 > 1*** 1 > 2*** 2 > 1** 2 > 1*** 1 > 2***
CP (O/C)b C > O* – C > O* C > O** C > O* O > C*
FM (O/C) O > C* O > C* – O > C*** O > C* C > O***
Interactions
YR × CP – * * – *** –
YR  × FM * – – *** – **
CP × FM *** – – *** – *
YR × CP × FM *** * – *** – –
a YR = year; CP = crop protection; FM = fertility management.
b O = organic; C = conventional.
c Statistical signiﬁcance.
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a* p < 0.05.
** p < 0.01.
*** p < 0.001.
ge of separation from mothers. These confounding factor should
e controlled in future experiments.
The growth dynamics of animals in the ﬁrst experimental year
eemed to be independent of the diet, whereas in the second year
he highest growth rates in both the F1 and F2 generation were
ecorded for animals on feeds made from crops grown convention-
lly [45].
In both years and in both rat generations examined in year 2, rats
ed on compound feeds made from conventionally fertilized crops
ad higher weight gains than rats fed on feeds made from organ-
cally fertilized crops [45]. This may  have been due to the higher
rotein content in conventionally fertilized crops (especially the
ereal component in the compound feed, since the protein content
as shown to affect growth rates [1,72].
When comparing the effects of experimental factors (crop pro-
ection, fertilization and year/rat generation) on rat physiological
arameters such as body composition, haematological, hormonal
nd immune status, two comparisons were made based on the
ata sets currently available: (1) analysis 1 with data obtained from
he F1 generation rats in two subsequent years, thus allowing the
ariation by climatic conditions and cereal type (barley or wheat)
o be estimated, and (2) analysis 2 with two subsequent genera-
ions of rats: the F1 generation (which had parents that were fed
n the respective experimental diet for 3 weeks before pairing only)
nd the F2 generation (which had parents raised on experimental
eeds).
.3.2. Body composition
When the effect of experimental factors (fertilization and crop
rotection) on selected rat body composition parameters (dry mass,
sh, protein, fat) was determined [45] and compared, no signiﬁ-
ant effects of fertilization and crop protection could be detected
n analysis 1, but there were signiﬁcant differences in dry body
ass and body fat content between years. Higher values were found
n the ﬁrst experimental year, 2006 [45], when rats also had a
igher energy, fat and total carbohydrate intake and lower ﬁbre
ntake. This was mainly due to wheat instead of barley being used
s the cereal component in the diet. Fibre-rich diets were previ-
usly described to decrease net protein utilization and digestibility
73] and were linked to lower daily weight gain and body fat depo-
ition and to increased body protein content in rats [74–78].  Our
tudy shows that reduced dietary protein intake increased body
rotein content, but reduced body fat content (data not shown),
hus conforming these studies from literature.
In analysis 2 a signiﬁcant effect of rat generation on body protein
nd body ash was detected (data not shown). Also, body protein
nd fat were shown to be affected by fertility management, withhigher protein and lower body fat contents being measured in rats
fed on diets based on compound feeds made from conventionally
fertilized crops [45].
3.3.3. Haematological parameters
The haematological parameters, such as red blood cell num-
ber (RBC), packed cell volume (PCV), haemoglobin content (Hb)
and white blood cell number (WBC) were measured as ﬁrst-line
indicators of potential health effects of experimental diets [79].
Analysis 1 shows signiﬁcant differences in RBC, Hb and WBC
between the two years, with higher values in year 1 (2006). WBC
numbers were also affected by fertilization: they were higher in the
blood of rats fed on diets based on organically fertilized crops (data
not shown).
Analysis 2 shows that rat generation was the predominant factor
affecting haematological parameters, with signiﬁcantly higher RBC
and PCV and lower WBC  and Hb in the F1 generation. Hb was the
only parameter affected by experimental factors. For the F2 (but not
F1) generation rats a statistically signiﬁcant crop protection effect
and statistically signiﬁcant interactions between fertilization and
crop protection were found. Hb was  higher in rats fed on feeds made
from fully organic (organic fertilization and crop protection) and
fully conventional (conventional fertilization and crop protection)
crops, compared with rats fed on diets based on crops from the two
low-input treatments (data not shown).
Although differences were found between the effects of the
experimental factors, the range of values for all haematological
parameters recorded was as expected from an adequate diet for
male rats [80,81], indicating that none of the experimental diets
used was  deﬁcient in essential nutritional components (data not
shown).
3.3.4. Antioxidant capacity of plasma
One of the basic physiological parameters examined in the
present study was plasma antioxidant capacity, measured as trolox
equivalent antioxidant capacity (plasma TEAC). This parameter was
analysed in both generations of rats in year 2 (2007) only [79]. In
both rat generations a signiﬁcant effect of crop protection on TEAC
was found, with higher TEAC values found in rats fed on compound
feeds made from crops produced under organic crop protection
regimes. However, there was no association between antioxidant
capacity in the feed (feed TEAC) and antioxidant capacity in the
plasma. This ﬁnding agrees with a number of previous studies,
showing that compounds with antioxidant activity can have limited
bioavailability (low solubility, low absorption, rapid metabolism),
and therefore do not contribute signiﬁcantly to the plasma antiox-
idant capacity [66,67].
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Table 2
Results of analysis 2. Effects of main factors and interactions on the hormones insulin, leptin, growth hormone (GH), insulin-like growth factor 1 (IGF-1), corticosterone (Cs),
and  testosterone (Ts) in rats.
Insulin (ng ml−1) Leptin (ng ml−1) GH (ng ml−1) IGF-1 (g ml−1) Cs (ng ml−1) Ts (ng ml−1)
Main factorsa
RG (1/2) 1 > 2*** ,c 1 > 2*** – 1 > 2*** – 1 > 2*
CP (O/C)b C > O* – – – C > O* –
FM  (O/C) O > C* – – C > O*** O > C** –
Interactions
RG  × CP – – – *** ** –
YR  × FM – – * *** – –
RG  × FM *** ** – *** * *
RG × CP × FM * – – *** – –
a RG = rat generation; CP = crop protection; FM = fertility management.
b O = organic; C = conventional.
c Statistical signiﬁcance.
* p < 0.05.
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*** p < 0.001.
.3.5. Hormonal status
The relative contents of macronutrients (fat, carbohydrate
nd protein) in the diet are important factors in regulating the
etabolism of animals. The physical form, chemical composition
nd overall content of all three macronutrients can modulate feed-
ng behaviour and overall caloric intake [82–84].  It is also known
hat the principal hormonal changes, associated with each type
f dietary macronutrient, can have either favourable or adverse
ffects on fat deposition and health [85]. Diet composition affects
dipose tissue hormones, such as leptin [86,87] and important
etabolic regulators such as insulin [88,89]. Levels of another
mportant metabolic hormone, corticosterone, which is linked to
mmunomodulation and response to stress, can be affected by diet
omposition [90,91].  Moreover, it is well known that the quantity
nd nutritional quality of dietary proteins can modify the activ-
ty of the growth hormone/insulin-like growth factor 1 (GH/IGF-1)
atio and regulate the content of IGF-binding proteins of the plasma,
hich in turn is involved in the regulation of body protein synthesis
92,93].
The results of analysis 1, comparing the effects of the year,
rop protection and fertility management, and their interactions
n selected hormones in plasma, are shown in Table 1. The year
ad the strongest effect on plasma hormone contents. This may
ave been due to differences in climatic conditions between the
wo years and/or to the cereal component of the diets: barley in
006 and wheat in 2007. The differences in diet composition may
ave resulted in differences in the initial body weight between the
eaned rats recorded in the 2 years. There were also signiﬁcant
able 3
esults of analysis 1. Effects of main factors and interactions on immunoglobulin A (IgA
anavalin A-stimulated lymphocyte proliferation (ConA) and lipopolysaccharide-stimulat
IgA (g ml−1) IgG (g m−1) SPON
Main factorsa
YR (1/2) 2 > 1*** ,c 1 > 2*** – 
CP (O/C)b C > O*** – – 
FM  (O/C) C > O*** – – 
Interactions
YR  × CP *** *** –
YR  × FM – *** –
CP  × FM *** * –
YR  × CP × FM * *** * 
a YR = experimental year; CP = crop protection; FM = fertility management.
b O = organic; C = conventional.
c Statistical signiﬁcance.
d cpm = counts per minute.
* p < 0.05.
** p < 0.01.
*** p < 0.001.effects of crop protection and fertilization on plasma hormone con-
tents and interactions between these two agronomic factors and
between year and agronomic factors (Table 1).
The results of analysis 2 comparing the effects of the rat genera-
tion (F1 and F2 in 2007), crop protection and fertility management
and their interactions on the hormonal status of rats are presented
in Table 2. Rat generation had a highly signiﬁcant effect on insulin,
leptin and IGF-1, and a signiﬁcant effect on testosterone (Ts), but did
not affect GH and Cs levels. The levels of the four affected hormones
were signiﬁcantly higher in the F1 generation (Table 2). There were
signiﬁcant effects of crop protection on insulin and Cs, and fertility
management on insulin, IGF-1 and Cs level, while leptin, GH and
Ts were not affected by agronomic factors. There were also signif-
icant interactions between crop protection and fertilization for 5
of the 6 hormones, and some 2- or 3-factor interactions between
rat generation and agronomic factors, with very highly signiﬁcant
interactions with generation for IGF-1 (Table 2).
3.3.6. Immune status
The immune system is involved in the multiple regulatory
interrelationships of the organism, so that the parameters mea-
sured could be modiﬁed by the differences in feed composition,
not only directly but also indirectly through the hormones and
other metabolic molecules. The main immune-system parame-
ters assessed in the study were serum immunoglobulin A and
G contents and splenocyte proliferation, both spontaneous and
mitogen-stimulated (T- and B-cell speciﬁc, respectively) [79].
), immunoglobulin G (IgG), spontaneous lymphocyte proliferation (SPONT), con-
ed lymphocyte proliferation (LPS) in rats.
T (cpmd × 103) ConA (cpm × 103) LPS (cpm × 103)
1 > 2*** 2 > 1***
O > C** –
O > C** –
*** –
*** –
** –
*** –
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Table 4
Results of analysis 2. Effects of main factors and interactions on immunoglobulin A (IgA), immunoglobulin G (IgG), spontaneous lymphocyte proliferation (SPONT), con-
canavalin A-stimulated lymphocyte proliferation (ConA) and lipopolysaccharide-stimulated lymphocyte proliferation (LPS) in rats.
IgA (g ml−1) IgG (g m−1) SPONT (cpmd × 103) ConA (cpm × 103) LPS (cpm × 103)
Main factorsa
RG (1/2) – – – 1 > 2*** 1 > 2**
CP (O/C)b C > O***,c O > C* – O > C*
FM (O/C) – – – – –
Interactions
RG  × CP *** – – – –
RG×FM *** *** – – –
CP×FM  – *** * * *
RG×CP×FM *** – *** * **
a RG = rat generation; CP = crop protection; FM = fertility management.
b O = organic; C = conventional.
c Statistical signiﬁcance.
d cpm = counts per minute.
* p < 0.05.
a
H
I
e
(
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g
a
h
t
e
c
o
w
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f
c
(
t
e
f
t
b
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s
r
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n
e
g
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I
2
e
s
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l
f
T
s** p < 0.01.
*** p < 0.001.
IgA is a main secretory immunoglobulin on the mucosal surface
nd the second most prevalent serum immunoglobulin in humans.
owever, the exact physiological role of IgA is still unclear [94].
t is produced by plasma cells present in the lamina propria and
xcreted into mucosal ﬂuids. Secreted IgA protects the mucosal wall
especially that of the gastro-intestinal tract, GIT) and maintains
 balance between defending the animal against ‘harmful’ anti-
ens (e.g., those associated with gastrointestinal pathogens), while
voiding a reaction against the commensal microﬂora and other
armless dietary antigens. IgA-deﬁcient patients are predisposed
o allergies and autoimmune diseases such as gluten-sensitive
nteropathy. However, serum IgA deﬁciency was reported to be
ompensated by elevated levels of IgG [94].
In analysis 1 an inverse relationship between IgG and IgA was
bserved in year 1 a low plasma IgA and an elevated level of IgG
ere detected whereas the opposite was found in year 2 (data not
hown). IgA levels were also found to be affected by both agronomic
actors, with higher levels of IgA in the plasma of rats raised on
ompound feed from conventionally protected and fertilized crops
Table 3).
When spontaneous proliferation of cultured lymphocytes from
he rat spleen was assessed in vitro no statistically signiﬁcant
ffects of the main factors or the 2-factor interactions were
ound, but there was a signiﬁcant 3-factor interaction. In con-
rast, there was a very highly signiﬁcant effect of year on
oth concanavalin-A-stimulated lymphocyte proliferation (ConA)
nd lipopolysaccharide-stimulated lymphocyte proliferation (LPS).
lso the effects of the agronomic factors on ConA were highly
igniﬁcant, with organic crop protection and organic fertilization
esulting in higher levels of proliferation. For T-cell stimulated
roliferation the 2- and 3-factor interactions were very highly sig-
iﬁcant too (Table 3).
The results of analysis 2, comparing two successive rat gen-
rations in year 2 (2007), show a highly signiﬁcant effect of rat
eneration on both ConA- and LPS-stimulated lymphocyte prolifer-
tion. There were also signiﬁcant effects of crop protection on IgA,
gG and LPS-stimulated lymphocyte proliferation, and signiﬁcant
- and 3-factor interactions for all immune parameters assessed,
xcept IgG (Table 4).
When the data from the second rat generation were analysed
eparately by 2-way ANOVA (with crop protection and fertilization
s factors) a lower level of spontaneous and mitogen-stimulated
ymphocyte proliferation was detected in rats fed on compound
eeds made from crops grown under the two ‘low input’ systems.
his suggests that these two systems resulted in feed containing
ome (as yet unknown) factor(s) that limited immune cell divisionseither by acting directly on the immune cells, or, more probably, by
inﬂuencing their activity via an effect on hormonal balance in the
rat.
4. Conclusions
The study presents one of the ﬁrst experimental approaches to
evaluate multifactor relationships between agricultural production
methods, the composition of the crops produced, and the resulting
physiological effects on rats exposed to the feeds based on these
crops. The results of the study show that the production meth-
ods affected the composition of the rat feeds (macronutrients and
bioactive compounds), the growth of the rats, their hormonal bal-
ances, body composition, and the immune system status. However,
the differences in feed composition could not be directly linked
to the observed physiological differences. So additional studies
will be necessary to identify the exact drivers of the physiologi-
cal effects observed. Also, future studies should focus on a wider
range of physiological parameters to clarify whether and to what
extent physiological effects observed are beneﬁcial or harmful for
the organisms.
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